NASA Technical Memorandum 104447
AJAA-91-2010

The Design/Analysis of Flows
Thmugh Turbomachinery
A Vlscous/l‘nwsmd Approach

D.P. Miller
National Aeronautics and Space Aa’mmzstranon

Lewis Research Center
Cleveland, Ohio

and

D.R. Reddy
Sverdrup Technology, Inc.

Lewis Research Center Group
‘Brook Park,, Ohio

Prepared for the

27th Joint Propulsion Conference

cosponsered by AIAA, SAE, ASME, and ASEE
Sacramento, California, June 24-27, 1991







THE DESIGN/ANALYSIS OF FLOWS THROUGH TURBCMACHINERY
* A VISOOUS/INVISCID APPROACH

D.P. Miller
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

D.R. Reddy*
Sverdrup Technology, Inc.
Lewis Research Center Group

Brook Park,

Abstract

A New Design/Analysis system for the flows
through turbamachinery is currently being developed
for smdving turbamachinery problems with an
axizymmetric  visomis/inviscid  Maverage-passage'
throxheion cads.  The wdvantage of this approach,
compared, to sireamline curvature codes, is that the
solutions  obtained  simulate same of the
unsteisdiness, compressibility and viscous effects of
a rmuitistage turbamachine. The Design/Analysis
system  consists of three elemertal parts, the
axisymmetric block grid generator, the blade surface
element code, and the axisymmetric flow code. Each
element of the system will be discussed and the flow
solutions for three axisymmetric geametries will be
shown campared to experimental data where available.
The conputations are shown to be in very good
agreement with test data ‘for SR7 Spinner Body and
Trargonic Boattail' Gemetoy obtaioed in the wind
tunnels at NASA lewis Research (Cemter. While the
VIADAC Rotor 67 Fan results were compared to PARC2D
calailated results and shown to be in very good

agreement.
Introduction

Early, the design methodology used for
multistage turbarachinery has relied heavily on the
Streamline curvature approach (1-7] for camputing
the fiows through modern gas turbine engines. These
systems have their foundations in the early
diseussions of Wu [1] and Marble (2] on the three-
dimensional flows in turbamachinery. Even though
. thesfle mpthods have proven to be quite successful,
the mzyent approach has been to model the flows
with Biler and Navier-Stokes formulations. This
a;pmadmhasb’eentakeninﬂxedevelcpmexmofanm
design/analysis system for flows through
turbamachinery at NASA Lewis Research Center.

Smith [3], Novak [4], and Jemniens and stow
(6,7] have all described in detail, the advantage of
using & quasi-three~dimensional streamline curvature
approximation to design. ‘These formulations are
based wpon Wu's (1] work with S5, and &,
streamsurfaces. The throughflow calculations are
done on the S, streamsurface, while the blade-to-
blade computations ayw done on the S, streamsurface.
In general, the axisymmetric camputations are
calculated with same built in empiricsl data base to
awamtfcrse,conﬂaxyﬂmarxispanwisemixim
effects {8-12]. This methodology has been xuite
successful in computing the performance and design
features of the blades for turbamachinery.

More recently, Ni £i3] and Holmes [14] have
described methods of compating the 3-D inwiscid
flows for isolated blade rows in turbomachiirery,
and Hah [15] and Chima [16] have developed methods
of computing 3-D Viscous flows for singlie-blade-row

*Presently employed by
NASA Lewis Resgsearch Center.
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turbomachinery problems. One limitation to all of
these methods is that they are primarily used for
analysis of single-blade-rows ard not applicable to
the design of turbamachinery.

Dawes [17), and Denton [18] have prcposed
varicas methods of calculating the 3-D flows in
milticpladesrow  turbomachinery by  passing
tangentialily average fiow quantities between blade
rows in the camputation. In Denton's method, the
flow field effects of the adjacent blade rowWw are
axisymmetrically averaged at an axial station
approximately mid-way between the blade rows. The
flow calculations neglects any unsteady effects
which might arise from the adjacent blade rows. The
approach by Dawes is very similar to that of Denton,
however, Dawes . allows each blade Iow to .be
calaiated sither fitiy 3D, or axisymmetrically with
forces, loss ard dewistion either cbtained from a
correlation or comgrsted from a 3D solution.

adamczyk's vaverage-passage" approach [19],
describes a model in whigh the 3D camputations are
performed on each individual blade row with the
results from adjacent biade rows being represented
as force terms. D =olutions obtaiped from
individual blade rows are averaged ciramferentially
toobtainﬂweforcetemsnaed&toperformthBD
calculations on the other blade rows. This method
models the deterministic unsteadiness of the flow
field through a multi-stage turbamachine in a time-
averaged sense.

This "average-passage" a is being
used in the developmerit of the new design/analysis
flow solver. The flow code being deveioped at NASA
Lewis Research Center is similar to the traditional
quasi-3D design ocodes. The flow solver is
or calculated blockages, or with the viscous terms
camuted. The blade forces for each blade row are
caputed from blade-to-blade solutions, correlated
data or force model, or from a full 3D solution. -
Blade-to-blade computations can be abtained with
existing codes or with the blade-to-blade solver
provided for the design system. This method

e an approximation the full 3D
comprtations. With the proper modeling of the
sparmwise mixing, secondary flow effects, and blade
force terms, this model should closedy represent 3D
flows through multi-stage Surbswachinery withoat
actually having to cmpate the fuil 20 soiutions.

currently weer deveigpment st NBSA Lewis Resparch



restart code, TIGGERC, the interactive blade element
geametry generator, IBEGG, and the viscous/inviscid
multi-blade~row average passage flow solver, VIADAC.
The block diagram, shown in figure 1, provides a
flow chart as to how information is shared between
codes.
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Figure 1. Flow Chart for NASA LERC Turbomachinery
Design/Analysis System.

The large blocked areas represent the
activities currently being undertaken at Lewis
Research Center. ‘The other areas, such as the
axisymmetric streamline curvature solution, quasi-~3-
D blade-to-blade solution and full 3-D solution,
have already been developed as separate flow
solvers. A quasi-3D blade-to-blade solver is being
provided to compute the blade forces if no octher
method of cbtaining these forces is available. The
codes are modular and the design/analysis system can
be used with existing codes.

Turbomachinery Interactive Grid Generator Enerqy
Restart Code (TIGGERC)

One of the key elements in obtaining the
axisymmetric flow solution is the grid generation.
An interactive block grid generator, called TIGGERC
has been developed for any type of turbamachinern
prablem. The grid generator creates an axisymmetric
muilti-block grid for any duct , single row or malti-
blade-row turbamachinéry problem.

TIGGERC is fully interactive ard can be used
to modify flowpath coordinates amd grid packing.
The code can be rurni on the Silicon Graphics 4D/GT
Personal Iris or any other Silicon Graphics
interactively or by an input data set. TIGGERC is
mouse driven and several memu features have been
added to make the system as general as possible.

For example, Bezier curves are avajlable to modify -

block bourdary coordinates. Grids are generated
using a hyperbolic tangent or algebraic distribution
of points an the béxndaries et the interior points
of each block are distribwted using a transfinite
interpolation. Primarily, TIGGERC can generate a
Blocked H-Grid for the axisymmetric code like the
examples of a small multi-stage engine and NASA
Rotor 67 Fan stage, shown in Figure 2, However,
Thg grid generator can also be used to generate C-
Grids, I-Grids or O-grids, as shown in Figure 3.

'Iheoodeisgeneralern:ghtohandleanyarbitrary
geometry for 2D grids.

TIGGERC can be used to sequentially generate
several different grids on the same geametry. This
feature provides the ability to generate inviscic_l or
visocous grids, repack the grid, amd add more points
along the surface, all without restarting the code.
TIGGERC is to be linked to the Interactive Blade
Elemertt Geometry Generator by the leading and
trailing edge locations of the blade, blade
stacking, number of blades and blockage. A more
detailed discussion on the memu system used by
TIGGERC and the internal workings of the grid
generator will be published later this year.

Interactive Blade Element Geometry Generator (IEBGG

The second key element for the design system
is the interactive blade element geametry gerexmtol,
IRPGG.  This code is a crucial part of &y
design/analysis system. The blade element code
camputes the upper and lower blade surface geometry, -
stacks the blade along a prescribed stacking axis, -
provides choke margin informaticn for compressors;:
and allows the chord, solidity, thickness
distributions, blade angle distrimution or blade:
surface distributions to be altered interactively by
the designer.

IEEGG will be developed to allow camplete
generality in turbamachinery . blade  gecmetry
specification. This provides:z meens £o analyze and
design all types :of blades, forvadand aft swept
fan biades, axial and radial ccopressars, et axial
and radial turbines. These features will be
incorporated into the designfandiysis  system
axrently being developed at NASA Lewis.

Either B~Spline data or Non-Uniform Rational
B-Spline  (NUBES; data will be used to generate
surface coordinates for each blade row. This will
allow the data to be campatible with CAD/CAM

. Instead of storing many blade coordinates,
it is: hoped that the above methodology will provide
easier access to blade coordinates for manufacturirg
and as well as for finite element modeling for
structural and dynamic araliysis. Since IBEGG is
cxrently in the development stage, formal
discussion of the code ard the specific methodology
of the imtermal workings of the code will be
provided in a subsequent report.

In the middle of figure 1, there is a block
which serves as an interface between elements. This
block ties together the grid, gecmetry, and flow
solvers. As shown in figure 4, there are various
campanents cammon to all the major block elements.
First,mereistheqecmetrydmcribingme
furbomachinery problem one is interested in solving.
The cecmetry consists of blade and flowpath
information essential to the imteractive grid
generator, the viscous/inviscid axisymmetric
degigry/analysis oode, quasi-3-D blade~to-blade
calculations, and the full 3-D solutions. This
geametry is also important to the interactive blade
element package, because once the blades have been
created and the data stored, the blades can easily
be reconstructed ‘for farther analysis.
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Figure 4. Interfacing Block tor LERC Turbomachinery
Design/Analysis System

The grid and flow file information is
essential to all flow solvers. The grid file can be
generated by the interactive grid code or
independently from existing grid codes. The flow
file connects all the elements together. If an
axisymmetric streamline curvature solution has been
computed, this can be used to find the flow field
fram the VIADAC computation or as a starting guess
for the 3-D flow solvers. The 3-D solution can be
averaged axisymmetrically and used for the VIADAC
camputation. This is an important feature of this
design/analysis system which allows closure between
the full 3D and axisymmetric approximation to the
flow field. The grid file and flow file are written
in a binary format campatible with the IRIS and Cray
Camputers in a PLOT3D readable format, and can be
submitted directly to each camputer without pre- and
post-processing these files.

Ancther important feature of the interface
block is the "Blade Forces". The "Blade Forces" as
described by Adamczyk [19], are generally cbtained
fram the 3-D solution, however, these forces can be
cbtained independently from gquasi~3-D solutions or
the forces can be modeled. These fortces are
important in order to campute the work for a single
or multi-blade-row turbamachinery problem with the
design/analysis code.

Finally, there are blade blockages, -boundary
layer blockages and blockage due to wakes or
secondary flows. It should be pointed aut that the
boundary layers are camputed if the axisymmetric
flow code is run viscously. Wakes and secondary
flow effects are to be modeled. These effects may
also be included in the inviscid operation of the
code in the form of a blockage. However, they are
not essential to the operation of the code while
running inviscidly. The blade blockage is always
used while runmning the axisymmetric camputation in
the milti-blade-row or single-blade-row operation if
a blade is present in the camputation.

Viscous/Inviscid Axisymmetric Desiqn/Analysis Code
(VIADAC)

The third element of the design system is the
flow code itself. VIADAC, the viscous/inviscid
axisymmetric design/analysis code, is formulated as
an "average-passage" axisymmetric multi-blade-row
flow solver. The code uses a discretized cell

centered control volume approach with a four-stage
Runge-Kutta Scheme. Residual smoothing has been
added which allows a larger Courant mumber and
accelerate the convergence. Secord and fourth
difference artificial dissipation terms are used to
stabilize the solution. The flow code incorporates
a Baldwin-Lomax algebraic turbulence model for
boundary layer camputations. Wall functions are
autcmatically used when the grid stretching into the
boundary layer falls outside the laminar sublayer.
wBlade Forces" are used to simulate the effects of
blade rows acting on the flow field. The sparwise
mixing and secondary flow effects are currently
being added to the flow solver.

The flow solver can be operated independently
ofthesystanbei:gdevelcpedat}&SAlewisRmeard'x
design of turbomachines can perform the viscous flow
camputation, the design system being developed will
have the ability to use a streamline curvature
calculation as a starting guess ard run without the
shear terms being camputed if desired.

Qurrently the axisymmetric part of VIADAC is
operational, but the blade force and blockage terms
have yet to be added. The modeling of the spanwise
mixing and secondary flow effects are still being
investigated. The axisymmetric code has been tested
on three different configurations and the results
will be examined below. A publication describing
the details of the system of equations and other
modeling in the flow solver will be published in the
future.

Results and Discussion

Several test cases were run to validate the
These cases are representative of

wird tunnel body probiems.
cbtained from the NASA Rotor 67 Fan Test Program
[20], herein referred to as Rotor 67 Fan Test Bed.
Rotor 67 Fan was tested at NASA Lewis Research
Center as a single stage campressor with laser
great deal of valuable test data taken on Rotor 67
Fan and are available to campare with to the
solutions obtained by VIADAC. Eventually this
jnmvolves including the force terms to similate the
milti-blade-row cperation of the average-passage
axisymmetric code.

The SR7 Spinner axisymmetric body was a
configuration which was used during a propfan test
in the wind tunnels at NASA lewis Research Center.
Experimental data were available an the axisymmetric
SR7 spinner gecmetry from an earlier test without
the propfan blades attached to the spimner. The SR7
spirmer has some interesting flow features alang the
spimner afterbody which test the axisymmetric code
capabilities along with the grid generation.

A transonic boattail body, tested Ly
Shrewsbury [21], used to study the performance of
air-breathing propulsive systems of supersonic
aircraft operating at subsonic cruise conditions has
provided an opportunity to study shock-baurdary
layer interaction with VIADAC.

VIADAC was operated without blade forces for
all the cases to bs shown in this paper. First, the
axisymmetric grid for each case was generated using
TIGGERC. In Figure 5, the grids for the SR7 spinner
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body Potor67Fanand’I‘ransaucBoatta1.lareslmn
in blocks generated by TIGGERC. - Rotise that all the
grids have different number of .grid m “ne grid
pac}ungwasvanedfrunczsetocasetore*‘mme
boundary geametry where important flow features were
likely to occur. The grid for the Rotor 67 Fan was
blocked to incorporate the actual measurement planes
upstream and downstream of the rotor. The grid for
thesKlSpumerbodywaspackaiammithespmmer
nosewhe.relargegradlem'smtheﬂcwfleldare
a;pectedarﬂatthedowrstmamerﬂofﬂ\espnm
where there is a step in the boundary. The grid for
meboattallmdelzspackedonmeafte_rbody to
allow accurate calculation of the transonic drag
rise that occurs in this region.

The coamputed surface static pressures and
1sentrq>1cmad1mmbersfortheSR75pm1erbodyare
shown in camparison to the test data, in Figures 6
and 7. These results were camputed assuming a free
streambaxﬁarycordltlmalorgmeqpergndhm
All the results are presented in nondimensional
form. The test data was acquired downstream of the
spinner portion of the body. Static Pressure taps
were located behind the spinner alang the afterbody.
The afterbody becomes cylindrical from z/1=0.1101 to
z/1~0.4540 and conical from z/1~0.4540 to z/1=1.00.
The surface geanetry of the nose of the spinner and
part of the nacelle were smocthed to ensure
convergence of the flow solver. The actual spinner
geametry has a very small step algng the hub which
was later incorporated into the grid. %he solution
cbtained for that geametry will be discussed: later.
met&stdabanﬁlmtaiashazpdrapwmasmrp
nsemuuestatlcprsstmajustaftofthesplmuer
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Surface lsentropic Mach Numbers

SR7 Spinner Body Geometry
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This is due to a sonic bubble along the surface of
the afterbody as shown by the isentropic Mach rumber
plot in figure 7. The coamputed results show a
weaker shock at this point than that indicated by
the data, however, the results closely match the
data downstream and even where the geametry changes
from a cylindrical to conic section, around z/L =
0.4540, where a small rise in the static pressure is
detected. The reason there is a weaker shock in the
camputation is due to smoothing of the boundary step
ahead of the shock region, The sonic ubble can
clearly be seen alang the hub surface in the static
pressure and Mach rumber contéurs shown in figure 8.

As mertioned earlier, the step for the SR7
spmrarwaseventxnllyaddedtotheflwpamamme
solution computed. Particis traces shown in figure
9 along the wall near the step at 2/1~0.0425 show a
recirculation region and reattachment of the flow
aft of the step. Another separated region existed
upstream on the spimner body around z/I=0.030.
’mi‘sregionwasneartheporticnofthespmner
where the blades would be attached. The small
separation is evident without the blades on the
spinner. ©Once the blades have been added to the
spinner, the blockage would increase, probably
eliminating the separation.

Rotor 67 Fan was analyzed because of the large
experimental data base for both an isolated fan
rotor and a full stage. Since no experimental data
existed on the "duct only" operation, a secord
analysis was run on the duct using the same grid.
For this purpose, PARC2D [22] was used to perform a
secord set of camputations for camparison with
results obtained from VIADAC. PARC2D is a camplete
Navier—-Stokes (2-D) flow solver in which the viscous
terms can be selectively calaulated with a thin-

Static Pressure Distribution for SR7 Spinner Body

Figure 8. Static Pressure and Mach Number Distributions
For SR7 Spinner Body



— - / .
Separated Flow Region on the Spinner @ z/L. =-0.030

Figure 9. Particle Traces Along the Endwall for the SR7 Spinner Body

Mach Number Distribution From VIADAC

Figure 10. Mach Number Distributions From VIADAC and PARC2D
.For Roter 67 Fan Test Bed (Duct Only)



layer simulation. The code uses a Beam and Warming
approximate factorization algorithm. The algorithm
is an implicit central difference scheme with a
implicit artificial dissipation with a Jameson-style
second-order term for improved shock capturing. A
comparison of the Mach number contours for the "duct
only" are shown in figure 10, the results are in
very good agreement. The surface static pressure
distributions are shown in figure 11. The results
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from the two codes are identical. ‘Total pressure
profiles at z/L~0.061 just upstream of the leading
edge of the rotor shown in figure 12a are in fairly
good agreement. As shown in Figure 12b, PARC2D
produces a very small avershoot in the total
pressure near the edge of the boundary layer while
no overshoot in the distribution is detected from
the VIADAC camputation. The artificial dissipation
is turned off with the present code by locating the
edge of the boundary layer in the camputation, while
PARC2D distributes the artificial dissipation to the
walls. VIADAC used approximately 300 cpu sec on
the Cray YMP and caverged in about 3000 cycles. To
canpletely eliminate the total pressure overshoot in
PARC2D, PARC2D would require about 10,000 or more
cycles to ensure proper cawergence had been
achieved. Evertually, this case will be run with
VIADAC including the blade forves for the rutor
only, then the stage.

Finally, solutions were obtained for an
axisymmetric boattail geametry model [21], which had
a boattail angle of 15 degrees ard R/D=1.0, at three
different Mach mmbers to investigate the transonic
drag rise and shock formaticn on the afterbody. The
camputed pressure coefficlents for the three Mach
rumbers , Mach = 0.56, 0.70, and 0.90, are compared
with wind tunnel data in figure 13 and are in very
good . The flow accelerates anto the
afteﬁ:cdyatz/IFo.Qanifornsaweakshockata
free stream Mach mumber of 0.90. This is more
evident in the Mach contours shown in figure 14. The
weak shock forms around z/1~0.94 and perhaps a very
small separation region forms near the exhaust
region arourd z/1=1.00. It is not clear fram the
test data as to whether this separation is large,
small, or nonexistent, however, the code was able to
predict the shock location fairly well.
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Concl Remarks
A new design/analysis system for
viscous/inviscid flows through chinery is

turbamachinery. As demonstrated, the ability to
grig real geanetries, such as the step‘in the
spinner hub surface, is important in camputing real
physics in the flow field. The sbillty to
interactively regrig and rerun e Showe sciver with
short turm-around: times provides a capability not
available in the past.

Solutions obtained from the axisymmetric
viscous £imw solver, VIADAC, hav;tm tolulie_ in

greement with experimental solutions
T ARC2 The SR7 spinner and
i1 examples established the ability
solve and analyze ccxrplex
geametries. The ability of the code to predict

critical,
of regimes.

Mach Contours @ M = 0.56

Figure 14. Computed Mach Number Contours
for the Transonic Boattail AfterBody



The camparisons between VIADAC and PARC2ZD were
shown to be in good agreement. The solutions
cbtained for Rotor 67 fan are only a starting point
in the develcpment of VIADAC. Currently, blade
forces for the rotor are being added to the
solution. Future efforts will include adding a
turbulent diffusion for each blade row.

The grid generator is camplete and has already

proved to be a wvaluable tool in investigating real
physics. The fiow solver has provided excellent
agreement to "duct only" flow fields amd is

itly being upgraded to include the foroes
necessary to campute the flows in multi-blade-zow
turbamactinery  preblems. Future efforts will
include the campletion of the: surface geametry
generator for the design of the blades.
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